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ABSTRACT
The evolution of magnetic fields in galaxies is still an open problem in astrophysics. In nearby galaxies the
far-infrared-radio correlation indicates the coupling between magnetic fields and star formation. The correla-
tion arises from the synchrotron emission of cosmic ray electrons traveling through the interstellar magnetic
fields. However, with an increase of the interstellar radiation field (ISRF), inverse Compton scattering becomes
the dominant energy loss mechanism of cosmic ray electrons with a typical emission frequency in the X-ray
regime. The ISRF depends on the one hand on the star formation rate and becomes stronger in starburst galax-
ies, and on the other hand increases with redshift due to the evolution of the cosmic microwave background.
With a model for the star formation rate of galaxies, the ISRF, and the cosmic ray spectrum, we can calculate
the expected X-ray luminosity resulting from the inverse Compton emission. Except for galaxies with an ac-
tive galactic nucleus the main additional contribution to the X-ray luminosity comes from X-ray binaries. We
estimate this contribution with an analytical model as well as with an observational relation, and compare it to
the pure inverse Compton luminosity. Using data from the Chandra Deep Field Survey and far-infrared obser-
vations from ALMA we then determine upper limits for the cosmic ray energy. Assuming that the magnetic
energy in a galaxy is in equipartition with the energy density of the cosmic rays, we obtain upper limits for the
magnetic field strength. Our results suggest that the mean magnetic energy of young galaxies is similar to the
one in local galaxies. This points toward an early generation of galactic magnetic fields, which is in agreement
with current dynamo evolution models.
Subject headings: galaxies: magnetic fields – cosmic rays – X-rays: galaxies – galaxies: high-redshift – galax-
ies: star formation.
1. INTRODUCTION
Observations show that magnetic fields contribute signifi-
cantly to a galaxys energy budget. The current picture predicts
the magnetic energy density to be roughly 0.89 erg cm−3,
which is comparable to the thermal kinetic energy density
with roughly 0.49 erg cm−3, and the energy density of cosmic
rays to be 1.39 erg cm−3 (Draine 2011). Moreover, the mag-
netic energy is distributed over many orders of magnitudes in
physical length scales. It is thus expected that the magnetic
field plays a major role in the dynamics of the whole galaxy
and also on smaller scales down to individual star formation
processes.
The structure of magnetic fields in local galaxies is known
quiet well (Beck et al. 1999; Beck 2011). A spiral galaxy
typically shows a large-scale magnetic field, which follows
the optical spiral arms and is strongest in the interarm re-
gions. The typical coherence length is 10 kpc and the strength
roughly 10−5 G. Even more important in terms of the energy
density is the small-scale unordered magnetic field, which ex-
ceeds the one of the ordered field by a factor of a few.
The origin and evolution of galactic magnetic fields is still
an active field of research with many open questions to an-
swer (Kulsrud & Zweibel 2008). Theory predicts that un-
ordered fields were generated already in young galaxies by a
turbulent dynamo. This mechanism amplifies weak magnetic
seed fields by randomly stretching, twisting, and folding the
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field lines in turbulent motions (Kazantsev 1968; Brandenburg
& Subramanian 2005; Schober et al. 2012b,a; Bovino et al.
2013). Semi-analytical calculations (Schober et al. 2013) as
well as numerical simulations (Beck et al. 2012; Latif et al.
2013) show that the turbulent dynamo can produce a field of
the order of 10−6 G within a few Myrs. The large-scale mag-
netic field is likely produced by a large-scale galactic dynamo,
which operates on much longer timescales then the turbulent
dynamo.
In order to test the evolution scenario of galactic fields, in ad-
dition to the analytical and numerical calculations an observa-
tional test is essential. However, the problem is that standard
methods for magnetic field observations are difficult to pursue
at high redshifts. Only indirect observations like the CMB
bispectrum (Shiraishi et al. 2012), the non-detection of TeV
blazers (Neronov & Vovk 2010) and Faraday rotation mea-
surements (Hammond et al. 2012), which detect the magnetic
field strength along the line of sight, can be applied at high
redshifts.
A very frequently used method to estimate magnetic field
strengths in galaxies is synchrotron emission, which is ob-
served in the radio band. This type of radiation is emitted
by high energy cosmic ray electrons traveling through the
magnetized interstellar medium (ISM). With the intensity of
synchrotron emission one can calculate the energy density of
cosmic rays. By assuming that cosmic rays and interstellar
magnetic fields are in energy equilibrium the magnetic field
strength can be computed (Beck & Krause 2005).
A further important observation was made by Yun et al.
(2001), who observed a correlation between the radio flux and
the far-infrared (FIR) flux. This FIR-radio correlation shows a
coupling between the star formation rate (SFR), which deter-
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2mines the FIR flux, and the magnetic field in the ISM. A new
interpretation of this correlation was suggested by Schleicher
& Beck (2013). They claim that the supernova rate, which is
proportional to the SFR, sets the amount of turbulence in the
ISM, which in turn determines the magnetic energy produced
by turbulent dynamo. Due to energy conservation and addi-
tional efficiency effects a turbulent dynamo can only convert a
certain fraction of turbulent kinetic energy into magnetic en-
ergy (Federrath et al. 2011). A coupling between the SFR
(FIR flux) and the magnetic field (radio flux) can thus be as-
sumed in local galaxies.
But what happens in higher redshifted galaxies? Here one
needs to take into account the rapidly growing number of cos-
mic microwave background (CMB) photons. These can inter-
act with the cosmic ray electrons in inverse Compton scatter-
ing, typically resulting in X-ray photons. Schleicher & Beck
(2013) have shown that inverse Compton scattering is in fact
the dominant energy loss mechanism of cosmic ray electrons
at high redshifts. Thus, we expect a breakdown of the FIR-
radio correlation and X-ray bright galaxies above a critical
redshift.
We propose here a method based on the inverse Compton scat-
tering process to gain information about cosmic rays and mag-
netic fields in young galaxies. With a given SFR and inter-
stellar radiation field (ISRF) we determine the inverse Comp-
ton component of the X-ray luminosity of a redshifted star-
forming galaxy. From this we calculate the energy of the cos-
mic ray electrons and the resulting total cosmic ray energy
density. By assuming equipartition between the cosmic ray
energy density and the magnetic field energy density, we are
able to predict an upper limit of the field strength.
New instruments provide exceptionally good data of galax-
ies at very high redshifts. Especially the deep fields of the
Chandra satellite3, the extended Chandra Deep Field-South
(E-CDF-S) and the Chandra Deep Field-North (CDF-N), in-
clude lots of information about the X-ray properties of ex-
tremely low luminosity objects. As a very important future
tool we discuss also limits that will be obtained by X-ray ob-
servatory Athena+4. Combination with the new FIR data from
the Atacama Large Millimeter/submillimeter Array (ALMA5)
can lead to new conclusions. The ALMA LABOCA E-CDF-
S Submillimeter Survey makes a multi-wavelength analyses
possible.
The paper is structured as follows: We present our model of
young galaxies in section 2, including the SFR, the ISRF and
the cosmic ray spectrum. In section 3 we summarize the re-
sults of Schleicher & Beck (2013), who proposed the break-
down of the FIR-radio correlation. The combination of our
ISRF and the cosmic ray spectrum results in a typical inverse
Compton spectrum. The derivation of the inverse Compton
X-ray luminosity is given in section 4. We discuss additional
X-ray sources in section 5. In the last section, section 6, we
apply our model to some exemplary galaxies, for which data
from Chandra and ALMA is available. We draw our conclu-
sions in section 7.
3 http://chandra.harvard.edu/
4 http://www.the-athena-x-ray-observatory.eu/
5 http://www.almaobservatory.org/
normal galaxy starburst core
R0 [pc] 1.5× 104 300
H0 [pc] 500 200
n0 [cm−3] 3 300
M˙?(0) [M yr−1] 2 10
ρ˙?(0) [M yr−1 pc−3] 1.9× 10−12 3.5× 10−8
Table 1
Properties of our two fiducial models: a normal galaxy comparable to the
Milky Way and a starburst galaxy comparable to M82.
2. MODEL OF TYPICAL GALAXIES
For exploring the X-ray properties of galaxies we use two
different models: a model for a “normal” galaxy and one for a
starburst galaxy. The models differ obviously in their star for-
mation rates, which has important consequences for the inter-
stellar radiation field and the number density of cosmic rays.
We report the details of our models in the following.
2.1. General Aspects
We use a geometrically very simple model of a galaxy,
which has the shape of a disk. The radius R(z) and the scale
height H(z) evolve with redshift z. Ferguson et al. (2004)
find a change of radius proportional to (1 + z)−1 for a fixed
circular velocity and proportional to (1 + z)−2/3 for a fixed
mass. Observations of galaxy evolution show that the mean
scaling of the galaxy size lies in between these two extrema.
We choose the former model and a assume
R(z) = R0(1 + z)
−1 (1)
and a scale height of
H(z) = H0(1 + z)
−1, (2)
leading to a galaxy volume of
V (z) = piR20H0(1 + z)
−3. (3)
The normalization of the radius and the scale height, R0 and
H0, are set by the galaxies at present day. We analyze two
types of galaxies: a normal Milky Way like galaxy, for which
we use R0 = 1.5× 104 pc and H0 = 500 pc (Ferrière 2001),
and a starburst galaxy, which is of a similar type as M82. The
radius of the central starburst region is roughly R0 = 300 pc
with a scale height of R0 = 200 pc (de Cea del Pozo et al.
2009). We note, that our model of perfect disks is very ideal-
ized as the scale height usually changes with the radius.
Further, we assume the particle density of the ISM to scale as
n(z) = n0(1 + z)
3. (4)
Our fiducial values for the present-day density n0 are listed in
table 1. With our model of a uniform density we simplify real
galaxies, where there are gradients in density.
The evolution of the normalized density n(z)/n(0) and
galaxy volume V (z)/V (0), which are proportional to (1+z)3
or (1+z)−3, respectively, are shown in figure 1. Note, that our
model depends initially only on the normalized volume. Only
when applied to real data in section 6, we need the volume of
the galaxy when calculating the magnetic field strength from
the total magnetic energy.
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Figure 1. The evolution of the normalized star formation rate density
ρ˙?(z)/ρ˙?(0) (Hernquist & Springel 2003) and the star formation rate
M˙?(z)/M˙?(0) as a function of redshift z. We also show the evolution of
the normalized volume of the galaxy V (z)/V (0), which has been multiplied
by a factor of 103 for better visualization, and the normalized particle density
n(z)/n(0).
2.2. Star Formation Rate
2.2.1. Model for the Star Formation History
In section 4 we look in the X-ray evolution of an idealized
galaxy, which evolves according to the cosmic mean star for-
mation history (Madau et al. 1996, 1998; Steidel et al. 1999;
Madau & Pozzetti 2000). The mean star formation rate of
the Universe has been studied in simulations by Hernquist &
Springel (2003). We use their relation to follow the evolution
of a characteristic galaxy. With this model we get an idea of
the inverse Compton scattering process as a function of red-
shift.
The star formation rate (SFR) of a galaxy is defined as
M˙?(z) = V (z) ρ˙?(z), (5)
with the volume of the galaxy (3) and the star formation rate
density (Hernquist & Springel 2003)
ρ˙?(z) ∝ κ2 exp[κ1(z − zm)]
κ2 − κ1 + κ1 exp[κ2 (z − zm)] (1 + z)
3, (6)
with the parameters κ1 = 3/5, κ2 = 14/15 and zm = 5.4.
The factor (1+z)3 in equation (6) comes from the conversion
from comoving into physical units.
In figure 1 we show the evolution of the normalized star for-
mation rate density ρ˙?(z)/ρ˙?(0) and the normalized star for-
mation rate M˙?(z)/M˙?(0) with redshift. For the normaliza-
tion of the star formation rate we use a typical value observed
in the Milky Way M˙?(0) = 2 M yr−1 for the model of a nor-
mal galaxy. Note, that the proposals of the galactic SFR differ
widely. While for example Diehl et al. (2006) find a value of
4 M yr−1 from gamma ray observations, Spitzer observa-
tions suggest that the SFR is as low as 0.68− 1.45 M yr−1
(Robitaille & Whitney 2010). For the starburst model we use
M˙?(0) = 10 M yr−1, which is close to the observed value
of the starburst galaxy M82 (Förster Schreiber et al. 2003).
2.2.2. Observed Star Formation Rate
The star formation history of an arbitrary galaxy will, how-
ever, differ significantly from this idealized picture. There
will be phases of extremely high SFR induced, for exam-
ple, by mergers with other galaxies followed by quiet phases.
Thus, for getting information about the detailed emission pro-
cesses of a single galaxy it is better to use direct observational
input of the SFR. We use the model of the star formation his-
tory only in places, where we discuss the general trend of
galaxy evolution, while we take a fixed SFR for single galax-
ies.
The SFR of a galaxy can be estimated from the observed in-
frared flux. Kennicutt (1998) finds the following correlation
between the SFR M˙? and the infrared luminosity LIR:
M˙?(z) = 1.8× 10−10 M yr−1
(
LIR
L
)
, (7)
where L ≈ 3.8 × 1033 erg s−1 is the solar luminosity. In
their data set Wang et al. (2013) employ NIR-through-radio
SED fitting according to the work of Swinbank et al. (2013) to
calculate LIR. We will use examples of this multi-wavelength
data set in section 6.
2.3. Supernova Rate
Cosmic rays are believed to origin in supernova shock
fronts. Thus, for determination of the number and energy of
the cosmic rays in a galaxy, the supernova rate is an important
input.
We assume here a Kroupa initial mass function of stars, which
decreases proportional as the stellar mass to the power of -1.3
in the range of 0.08 to 0.5 M and to the power of -2.3 for
larger SFRs (Kroupa 2002). The number of supernova per
time is then roughly
N˙SN = 0.156
M˙?
12.26 M
, (8)
with 12.26 M being the mean mass of a supernova candi-
date.
2.4. Interstellar Radiation Field
An essential role for the inverse Compton scattering plays
the ISRF with which the cosmic rays interact. In our model
we consider five different radiation components: the ther-
mal (cold and warm) infrared (IR), optical (opt), ultraviolet
(UV) radiation and the cosmic microwave background (CMB)
(Cirelli & Panci 2009; Chakraborty & Fields 2013). The in-
terstellar radiation field (ISRF) can then be approximated by
the sum of the individual Planck spectra,
uISRF,ν =
∑
i
fi
8pih
c3
ν3
exp(hν/(kTi)− 1 , (9)
with i = IR, opt,UV,CMB. The dimensionless weights fi
as well as the different temperatures Ti at z = 0 are taken
from Chakraborty & Fields (2013). Note, that we model a
redshift dependence, which is given in table 2. For this we
use TCMB(z) = TCMB(0) (1 + z) and multiply the weights
fIR, fopt, fUV with the normalized star formation rate density
ρ˙?(z)/ρ˙?(0). The resulting spectral energy density uISRF,ν is
shown in the left panel of figure 2.
The total energy density of the interstellar radiation field is
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Figure 2. The spectral energy density uISRF,ν (left hand side) and the spectral photon distribution nISRF,ν (right hand side) of the interstellar radiation field
for different redshifts between z = 0 − 10. In the top panels we show our model for galaxies with a normal star formation rate and in the lower panels for a
starburst galaxy. The parameters of the model are summarized in table 2. The vertical lines indicate typical frequency range of photons that are inverse Compton
scattered into the X-ray regime (see section 4.1 for more details).
UV optical IR (warm) IR (cold) CMB
normal: fi 8.4× 10−17 ρ˙?(z)ρ˙?,MW 8.9× 10
−13 ρ˙?(z)
ρ˙?,MW
- 1.3× 10−5 ρ˙?(z)
ρ˙?,MW
1
Ti [K] 1.8× 104 3.5× 103 - 41 2.73(1 + z)
starburst: fi 3.2× 10−15 ρ˙?(z)ρ˙?,M82 0.0 3.61× 10
−5 ρ˙?(z)
ρ˙?,M82
4.22× 10−2 ρ˙?(z)
ρ˙?,M82
1
Ti [K] 1.8× 104 3.5× 103 200 45 2.73(1 + z)
Table 2
A model of the interstellar radiation field, which includes five different radiation components: ultraviolet (UV) radiation, optical radiation, thermal (warm and
cold) infrared (IR) radiation and the cosmic microwave background (CMB) (see Cirelli & Panci (2009) and Chakraborty & Fields (2013)). We give here the
dimensionless weights compared to the CMB fi, which include a scaling with the normalized star formation rate density ρ˙?(z)/ρ˙?,MW or ρ˙?(z)/ρ˙?,M82,
respectively, and the temperatures Ti.
5uISRF =
∫ ∞
0
uISRF,ν dν =
8 pi5k4
15 c3h3
∑
i
fiT
4
i (10)
From the energy spectrum (9) we can calculate the photon
distribution by
nISRF,ν =
uISRF,ν
hν
. (11)
The result is shown in right panel of figure 2. Note, that as
well uISRF as nISRF increase with redshift, as the SFR density
and the CMB density constantly increase with z. The peak of
the CMB component further moves to higher frequencies with
z due to the increasing CMB temperature.
2.5. Cosmic Rays
The origin of high energy cosmic rays is commonly be-
lieved to be first-order Fermi shock acceleration in super-
nova remnants and extragalactic sources (Bell 1978a,b; Drury
1983; Schlickeiser 2002). However, there are additional mod-
els like acceleration by MHD waves (Schlickeiser & Miller
1998; Brunetti et al. 2001; Fujita et al. 2003) and magnetic
reconnection (de Gouveia dal Pino & Lazarian 2005). All
these theoretical models result in a power-law distribution.
The injection spectrum of cosmic ray protons can be de-
scribed by
Qp(γp) = Qp,0 γ
−χ
p , (12)
with the Lorentz factor of protons γp. The exponent χ de-
pends strongly on the properties of the cosmic ray accelera-
tion site, i.e. the supernova shock front. First order Fermi ac-
celeration theory predicts for strong shocks a value of χ = 2.0
for non-relativistic gas and χ = 2.5 for a relativistic gas
(Bell 1978b). More detailed models of supernova shock fronts
(Bogdan & Völk 1983) result in χ = 2.1 − 2.3. We will use
here a fiducial value of χ = 2.2.
We normalize the proton injection spectrum with a total en-
ergy injection rate ξESNN˙SN, where ESN is the energy of
one supernova and N˙SN the supernova rate (8). This yields
a proportionality factor in (12) of
Qp,0 =
ξESNN˙SN(χ− 2)
mpc2 γ
2−χ
p,0
. (13)
A typical value of ξ, which is the fraction of the total energy
released in supernovae that goes into cosmic rays, is given in
the literature as 0.1. We use this as our fiducial value. More-
over, we will analyse values from ξ = 0.05 to ξ = 0.2, as sim-
ulations suggest that there is a density dependency of ξ (Dorfi
2000). As the upper end of the cosmic ray energy spectrum,
which extends up to 1021 eV per particle, does not contribute
significantly to the total cosmic ray energy, only the lower
end of the spectrum γp,0 appears here. For the latter we use a
value of γp,0 = 109 eV/(mpc2).
In this work we assume that cosmic rays consist only of pro-
tons and electrons. When the latter follow the same distribu-
tion as protons accelerated in supernova remnants one speaks
of primary cosmic ray electrons, which have a similar in-
jection rate as the protons (12). However, there is a second
source of cosmic ray electrons: decay products of the cos-
mic ray protons. The latter can decay into neutral pions that
further decay into electron positron pairs. Electrons, which
have been produced in this way, are called secondary cosmic
ray electrons. The injection spectrum of secondaries can be
estimated as (Lacki & Beck 2013)
Qe,sec =
fpi
6
mp
me
(
γp
γe
)2
Qp(γp). (14)
When assuming that the fraction of proton energy that goes
into pion production fpi = 0.2 − 0.5 (Lacki et al. 2011), the
ratio of secondary to total cosmic ray electrons Qe,
fsec =
Qe,sec
Qe
, (15)
is roughly 0.6 to 0.8. The energy of secondary electrons is
γe = mp/(20me)γp (Lacki & Beck 2013).
In our analysis the cosmic ray electrons play the most im-
portant role, as they are responsible for energy losses due
to inverse Compton scattering. In order to find the steady-
state spectrum of the electrons Ne(e) one needs to solve the
diffusion-loss equation (Longair 2011):
∂N(γ)
∂t
= Q(γ) +
d
dγ
[b(γ)N(γ)]− N(γ)
τ(γ)
+D∇2N(γ).
(16)
Here Q(γ) is the injection spectrum, b(γ) = −dγ/dt the en-
ergy loss rate, τ(γ) the timescale of escape or total losses, and
D the spacial diffusion time scale. The diffusion loss equation
is valid for electrons (index e) and for protons (index p). For
a homogeneous medium, Lacki & Beck (2013) find for the
equilibrium proton spectrum, i.e. ∂Np(γp)/∂t = 0,
Np(γp) = Qp(γp) fpi τpi, (17)
and for the electron spectrum, i.e. ∂Ne(γe)/∂t = 0,
Ne(γe) =
Qe(γe) τe(γe)
χ− 1 . (18)
The characteristic timescales appearing here are the one for
pion production,
τpi = 50 Myr (n/cm
−3)−1, (19)
and the electron cooling time, τe = e/be(e), which is calcu-
lated as
τe =
(
τ−1synch + τ
−1
IC + τ
−1
ion + τ
−1
brems
)−1
. (20)
This equation takes into account different energy losses
of cosmic ray electrons, including synchrotron emission
(τsynch), inverse Compton scattering (τIC), ionization (τion)
and bremsstrahlung (τbrems). We will discuss the importance
of the different loss timescales in the next section. Combina-
tion of the upper equations yields for the steady-state spectra
of cosmic ray protons and electrons
Np(γp) = fpiτpiQp,0γ
−χ
p (21)
Ne(γe) =
202−χfpi
6fsec(χ− 1)τe
(
me
mp
)1−χ
Qp,0γ
−χ
e , (22)
with the normalization of the proton injection spectrum given
in equation (13).
With the spectral distribution the energy density of cosmic
rays can be computed. The dominant part of the total cosmic
ray energy UCR is contributed from the protons. It can be
6calculated by
UCR =
∫ ∞
γp,0
Np(γp) γpmpc
2 dγp+
∫ ∞
γe,0
Ne(γe) γemec
2 dγe.
(23)
Note, that UCR indicates the total energy, and not the energy
density uCR. Assuming a Milky Way like galaxy with the
properties given for a normal galaxy at z = 0 in table 1, we
find a total cosmic ray density of uCR = 1.33 eVcm−3.
3. BREAKDOWN OF THE FIR-RADIO CORRELATION AT HIGH
REDSHIFTS
Observations of nearby galaxies show that there is a corre-
lation between the far-infrared flux and the radio flux. Yun
et al. (2001) combine data from the NRAO VLA Sky Survey,
which includes the 1.4 GHz radio luminosity, with the FIR
luminosity data from the IRAS Redshift Survey. In their sam-
ple of around 1800 galaxies they find a tight correlation over
roughly five orders of magnitude in luminosity.
The origin of the FIR-radio correlation can be understood as
a result of coupling between star formation, cosmic rays and
the magnetic field. The FIR radiation arises from the thermal
emission of dust, which is heated by the ultraviolet radiation
of massive stars, and thus traces the SFR. The SFR is also di-
rectly connected to the supernova rate, and hence to the cos-
mic ray production, which has been discussed before. The
highly energetic cosmic rays lose their energy when traveling
through the ISM. At present day one of the most important en-
ergy loss mechanism for cosmic ray electrons is synchrotron
emission, which results from the interaction with interstellar
magnetic field and lies in the radio regime.
Besides the synchrotron (synch) emission, the cosmic ray
electrons can lose their energy also via inverse Compton scat-
tering (IC), ionization (ion), and bremsstrahlung (brems), see
also Oh (2001). The typical timescales of these processes are
(Schleicher & Beck 2013):
τsynch =
3 me c
4 σT uB γe
(24)
τIC =
3 me c
4 σT uISRF γe
(25)
τion =
γe
2.7 c σT (6.85 + 0.5 lnγe) n
(26)
τbrems = 3.12× 107 yr
( n
cm−3
)−1
. (27)
Here γe = e/(mec2) is the Lorentz factor of a an electron
with energy e, uB = B2/(8pi) the magnetic energy density,
uISRF the energy density of the ISRF (10), and n the particle
density of the interstellar medium (4).
In figure 3 we show the different timescales as a function of
star formation rate at different redshifts. For calculating the
timescale of synchrotron emission we use a scaling of the
magnetic field strength of B ∝ M˙1/3? , which has been ob-
served in various galaxies (Niklas & Beck 1997; Chyz˙y et al.
2011). We use here B0 = 10−5 G for the normal galaxy
and B0 = 2× 10−4 G for the starburst galaxy, which is moti-
vated from observations of M82 (de Cea del Pozo et al. 2009).
In the plot we present the timescales for two different elec-
tron energies, 1 GeV and 10 GeV, indicated by differently
colored lines. Note, that the jump of the timescales in the
transition from normal to starburst galaxies results from the
increase of density in our model (see table 1). While losses
by bremsstrahlung and synchrotron emission dominate in nor-
mal galaxies for low redshifts, in starburst galaxies inverse
Compton scattering is the most important effect at high star
formation rates already at z = 0. With increasing redshift fig-
ure 3 illustrates that the difference between synchrotron and
inverse Compton increases continuously.
Form the analysis of the timescales we conclude that inverse
Compton scattering is the dominant loss mechanism of cos-
mic ray electrons for normal galaxies only at high redshifts
(z & 5) and in starburst galaxies with high SFRs at basi-
cally all cosmological times. The typical frequency of inverse
Compton scattered photons with the CMB lies in the X-ray
regime. Thus, we expect galaxies to become bright in the X-
ray above a critical redshift and star formation rate. In the
next section we present a model for the typical X-ray emis-
sivity due to inverse Compton scattering.
4. EXPECTED X-RAY LUMINOSITY FROM INVERSE COMPTON
SCATTERING
4.1. Characteristic Frequencies
In the process of inverse Compton scattering a low energy
photon scatters on an high energy electron. Due to the radia-
tion field the electron gets decelerated and transmits energy on
the photon. The characteristic frequency of an inverse Comp-
ton scatted photon, which we observe today, is
νcharac(z) = γ
2
e,0
νin
1 + z
, (28)
where γe,0 is the typical energy of cosmic ray electrons and
νin is the frequency of the incoming photon.
The energy range of the Chandra telescope, which we will
use in our calculation if not otherwise indicated, is
νC1 = 0.5 keV (29)
νC2 = 8 keV. (30)
Thus, photons with frequencies between
νin,1 = γ
−2
e,0 νC1 (1 + z) ≈ 3.16× 1010 (1 + z) Hz (31)
and
νin,2 = γ
−2
e,0 νC2 (1 + z) ≈ 6.31× 1011 (1 + z) Hz (32)
can be inverse Compton scattered into the detection range.
We indicate the range of suitable frequencies in figures 2 and
4 by vertical lines. The most important components are thus
the CMB and the IR component. As there is a distribution
in the incoming photon energy as well as in the the cosmic
ray energy, also photons with an initially different frequency
can be scattered into the Chandra range. However, we expect
the majority of detected photons to origin from the calculated
energy regime.
4.2. Inverse Compton Luminosity
In a galaxy, the initial photon spectrum can be approxi-
mated as the sum of several blackbody spectra, which we
have modeled in (11), and the initial electron spectrum is a
power-law (14). Blumenthal & Gould (1970) show that the
spectral distribution of inverse Compton scattered photons,
i.e. the total number of photons that are scattered into the en-
ergy  = hν, is
QIC(ν) =
∫ ∞
0
∫ ∞
γmin
Ne(γe)QIC,e(γe, νin) dγe dνin,(33)
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Figure 3. Typical timescales of cosmic ray electrons with an energy of 1
GeV (blue lines) and 10 GeV (orange lines) as a function of the star formation
rate M˙?. The different panels present the timescales at different redshifts z.
The solid line indicates the timescale of inverse Compton scattering τIC, the
dashed line synchrotron emission τsynch, the dotted line ionization τIC, the
dashed-dotted bremsstrahlung τbrems and the dashed-dotted pion production
τpi . We show the case of a normal galaxy up to 10 Myr−1, for larger
M˙? we use the starburst properties. The jump in timescales results from the
different particle densities of the two galaxy models. Note, that τbrems and
τpi are independent of the cosmic ray energy and are thus superposed.
with the contribution of a single electron of energy e =
γemec
2 being
QIC,e(γe, νin) =
pir20ch
2γ4e
nISRF,ν(νin)
ν2in
(
2νln
(
ν
4γ2e νin
)
+ν + 4γ2e νin −
ν2
2γ2e νin
)
. (34)
This result is valid in the so-called Thomson limit, where the
energy of the photon before scattering hν ≈ kT (z) is much
less then the rest energy of the electron mec2. While mec2 is
roughly 10−6 erg, kT (z) varies from a few times 10−16 erg to
a few times 10−15 erg in the redshift range z = 0− 10. Thus,
the Thomson limit is valid within our model.
In the Thomson limit the lower integration limit in (33) is
γmin = 1/2 (ν/νin)
1/2. Here νin is the frequency of the in-
coming photon, while ν is the frequency of the inverse Comp-
ton scattered photon. With the spectrum of cosmic ray elec-
trons (18) and the interstellar radiation field (11), integration
over γe yields again to a power-law in the frequency
QIC(ν) =
pihr20c
4m2−χe m
χ
pfpi
fsecσTuISRF
Qp,0 F˜ (χ)
×(hν)−(χ+2)/2
×
∫ ∞
0
(hνin)
χ/2nISRF,ν(νin) dνin, (35)
with the abbreviation
F˜ (χ) =
(χ2 + 6χ+ 16)25−χ52−χ
(4 + χ)2(χ+ 6)(χ+ 2)(χ− 1) . (36)
Note, that here the normalization Qp,0 (13) of the injection
spectrum of cosmic ray protons enters.
From equation (35) we can calculate the spectral contri-
bution to the inverse Compton scattering ∂QIC,ν(ν, z)/∂νin,
which is shown in figure 4. For a typical resulting frequency
we chose ν = 1017 Hz, which is motivated by equation (28)
when using an incoming frequency of νin = 1011 Hz and
an electron energy of γe = 109eV/(mec2) Hz. In the top
panel of figure 4 we show the efficiency for the ISRF of a nor-
mal galaxy as a function of frequency. In the case of z = 0
one can clearly distinguish the contributions of the different
ISRF components. From the left to the right one can see the
CMB component, the (cold) IR component, the optical com-
ponent and the UV component, while the CMB component
dominates clearly. If we go to higher redshifts the tempera-
ture and with that the peak of the CMB shifts to larger fre-
quencies. The contribution of the CMB becomes more and
more important. Already at z = 5 the IR component is barley
visible anymore. To conclude, in a galaxy with normal star
formation the CMB is the dominant incoming radiation field
for inverse Compton scattering. For comparison we show the
inverse Compton efficiency of a starburst galaxy in the lower
panel of figure 4. Here the cold IR component is the domi-
nant one for the inverse Compton mechanism. Even for the
z = 0 case, the peak of the CMB is almost not visible. Due
to the strong IR radiation field we expect starburst galaxies to
be more efficient in inverse Compton scattering.
Finally, we are interested in the luminosity that results from
inverse Compton scattering. For this we continue with the
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Figure 4. The efficiency of inverse Compton scattering for our model of the
interstellar radiation field as a function of the incoming photon frequency νin.
The different line styles indicate the efficiency at different redshifts: The solid
blue lines give z = 0, the dashed orange lines z = 5 and the dotted green
lines z = 10. The upper panel shows the result for a galaxy with a normal
SFR, the lower panel the one for a starburst galaxy. We use here the redshift-
dependent SFR model (5) and factor of ξ = 0.1 in the normalization of the
cosmic ray spectrum (13). The different components of the ISRF are listed
in table 2. The vertical lines indicate typical frequency range of photons that
are inverse Compton scattered into the X-ray regime.
evaluation of the integral in equation (35), which yields
QIC,ν(ν, z) =
4pir20ck
3m2−χe m
χ
pfpi
fsech2σTuISRF
F (χ) Qp,0
×(hν)−(2+χ)/2
∑
i
fi (kTi)
χ/2
. (37)
Here we introduced the abbreviation
F (χ) = Γ
(
6 + χ
2
)
ζ
(
6 + χ
2
)
F˜ (χ). (38)
With the spectral distribution of inverse Compton scattered
photons (37) we can calculate the spectral luminosity
LIC,ν(ν, z) = QIC,ν(ν, z) hν (39)
and the integrated X-ray luminosity
LIC(z) =
∫ ν2
ν1
LIC,ν(ν, z) dν
=
4pir20ck
3m2−χe m
χ
pfpi
fsech(4+χ)/4σTuISRF
2F (χ)
2− χ Qp,0
×
(
ν
1−χ/2
2 − ν1−χ/21
) ∑
i
fi (kTi)
χ/2
. (40)
The integrated X-ray luminosity that purely results from the
inverse Compton scattering as a function of redshift z is
shown in figure 5. For this plot we use the redshift depen-
dent model of the ISRF given in table 2 with the SFR model
from equation (5). We test here the influence of the cosmic
ray spectrum, which is given in equation (18). The normal-
ization of the cosmic ray spectrum ξ is varied over one order
of magnitude from ξ = 0.05 to 0.2. From the figure one
notes that with increasing ξ the luminosity increases, which
can also be seen from equation (37) directly, where the total
number of injected cosmic ray protonsQp,0 appears, which is
proportional to ξ (see equation 21). It is intuitively clear that
with a larger number of cosmic ray protons the number of
cosmic ray electrons and thus the number of scattering events
increases, which leads to a larger inverse Compton luminos-
ity. In figure 5 we also test the influence of changing the slope
of the cosmic ray spectrum χ, which we vary from 2.1 to 2.3.
We expect that this should not change significantly as the ba-
sic cosmic ray acceleration mechanism should be the same for
all galaxies and redshifts. With an increasing χ the luminosity
decreases.
We show in figure 5 the case of a normal galaxy in the upper
panel. Here we delete the range from z = 0 to z = 5, as in
this range inverse Compton scattering is not the dominant en-
ergy loss of cosmic ray electrons and thus our model can not
be applied in the present form (see discussion in section 3).
The lower panel shows the inverse Compton luminosity of a
starburst galaxy. In both cases the evolution of the luminosity
follows closely the one of the star formation rate, which ex-
plains the peak at z ≈ 5 as well as the larger luminosity of the
starburst galaxy.
4.3. Inverse Compton Flux
With the luminosity distance,
dL(z) = (1 + z)
2 dA(z), (41)
where the angular diameter distance dA can be determined
from the Mattig relation,
dA(z) =
c
H0
2
Ω2m(1 + z)
2
(Ωmz + (Ωm − 2)
×(
√
1 + Ωmz − 1)
)
, (42)
we can moreover calculate the flux resulting from inverse
Compton scattering. We use the latest cosmological param-
eters determined by the Planck satellite. The Hubble constant
is H0 = 67.11 km s−1Mpc−1 and the matter density param-
eter Ωm = 0.3175 (Planck Collaboration et al. 2013). We
determine the spectral flux density by
SIC,ν =
LIC,ν
4pid2L
(43)
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Figure 5. X-ray Luminosity LIC resulting from inverse Compton scattering
as a function of redshift z. We use the redshift dependent SFR model (5), and
show the case of a normal galaxy in the upper panel and the one for a starburst
galaxy in the lower panel. The influence of different cosmic ray spectra (see
equation 18) is tested. The different line colors represent calculations with
different normalizations ξ ranging from ξ = 0.05 (blue lines) over ξ = 0.1
(orange lines) up to ξ = 0.2 (green lines). In each case we also change the
slope of the cosmic ray spectrum χ. The dashed lines are results for χ = 2.1,
the solid lines for χ = 2.2 and the dotted lines χ = 2.3. Note, that we do
not show the luminosity for a normal galaxy up to a redshift of 5, as here
inverse Compton scattering is not the dominant loss mechanism of cosmic
ray electrons.
and the total flux density by
SIC(z) =
∫ ν2
ν1
Sν(ν, z) dν. (44)
We show the resulting inverse Compton flux from a starburst
galaxy in figure 6 as a function of a fixed SFR. The differ-
ent line styles and colors cover our parameter space of the
cosmic ray spectrum. We again vary ξ from 0.05 to 0.2 and
χ from 2.1 to 2.3. The horizontal lines in the plot give the
sensitivity limits of Chandra and the future X-ray observa-
tory Athena+. For the Extended Chandra Deep Field the
flux limit in the 0.5-2 keV range is 1.1× 10−16 erg s−1cm−3
and 6.7 × 10−16 erg s−1cm−3 in the 2-8 keV range Lehmer
et al. (2005). The expected sensitivity limit for Athena+ is
10−17 erg s−1cm−3 in the 0.5-2 keV band (Nandra et al.
2013). With increasing redshift the inverse Compton flux
moves more and more out of the detection limits. However,
with Athena+ the pure inverse Compton flux of objects with
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Figure 6. The observed flux of inverse Compton scattering in the range 0.5
to 8 keV from a starburst galaxy as a function of star formation rate M˙?. The
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colors indicate the normalization of the cosmic ray spectrum ξ (see equation
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high SFRs should still be visible at redshifts larger than 2.
5. DISTINGUISHING OTHER X-RAY PROCESSES
A typical galaxy contains various sources of X-ray emis-
sion (Persic & Rephaeli 2002). While normal stars only con-
tribute a small fraction to the total X-ray emission, supernova
remnants and the hot thermal ISM gas are more important. It
has been shown, however, that the dominant sources are X-
ray binaries. In the following we present two methods from
literature, which estimate the X-ray emission from X-ray bi-
naries. We further shortly discuss the X-ray emission from
supernovae and active galactic nuclei.
5.1. X-Ray Binaries
5.1.1. Analytical Model for the Mean Evolution of X-Ray Binaries
Observations show that the emission of a normal galaxy is
dominated by a few point sources, which have been identified
as X-ray binaries (Fabbiano 1995). Any model of the X-ray
emission of a normal galaxy should thus show a characteristic
scaling with the number of X-ray binaries and also with the
SFR.
Ghosh & White (2001) provide an analytical model for the
number of the different X-ray binary classes. The evolution of
the number of high-mass X-ray binaries (HMXB) in a typical
galaxy NHMXB is governed by
∂NHMXB(t)
∂t
= αHMXB
M˙?
10M
− NHMXB(t)
τHMXB
, (45)
where the typical HMXB evolution timescale τHMXB is
5 × 106 yr. The parameter αHMXB gives the rate of
HMXB formation and can be estimated by αHMXB ≈
1
2fbinaryf
HMXB
prim f
HMXB
SN . Here, fbinary is the fraction of stars
that are in binaries, fprim is the fraction of binaries, that are
in the right mass range for evolving into a X-ray binary and
fSN is the fraction of the binary systems that survive the first
supernova explosion.
The evolution of low-mass X-ray binaries (LMXB) is more
complicated due to the similarity of the post supernova binary
(PSNB) and the real LMXB timescales, τPSNB ≈ 1.9×109 yr
and τLMXB ≈ 109 yr. The evolution of the total abundances
NPSNB and NLMXB is described by the following coupled
equations:
∂NPSNB(t)
∂t
=αPSNB
M˙?
10M
− NPSNB(t)
τPSNB
(46)
∂NLMXB(t)
∂t
=
NPSNB(t)
τPSNB
− NLMXB(t)
τLMXB
. (47)
Here the parameter αPSNB is defined as
1
2fbinaryf
LMXB
prim f
LMXB
SN .
The values of the different fractions f (especially as a
function of redshift) are very hard to estimate (Fabbiano
1995). We thus use the observed number of X-ray binaries
to calibrate αHMXB and αLMXB at z = 0. With a value
of roughly 100 LMXBs and 50 HMXB in the Milky Way
(Grimm et al. 2002) we find αHMXB ≈ 5.00 × 10−5 and
αLMXB ≈ 4.35 × 10−7. The resulting numbers of HMXBs
and LMXBs are shown in figure 7. We present here the
evolution for the case of a starburst galaxy, which is expected
to have more X-ray binaries due to a larger SFR. Note, that
the evolution of the X-ray binary population follows closely
the history of star formation. The number of HMXBs peaks
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Figure 7. The number of X-ray binaries in a starburst galaxy as a function of
redshift z. We show the number of low-mass X-ray binaries (LMXB, orange
lines), high-mass X-ray binaries (HMXB, green lines) and the sum of both
(LMXB+HMXB, blue lines).
at a redshift of roughly 5, which corresponds to the peak
of the star formation rate (see figure 1), while the peak of
the LMXB is at a smaller redshift of roughly 1.5. This
evolutionary delay comes from the long LMXB timescales,
τPSNB and τLMXB, and results in the fact that the LMXBs are
the dominant type of X-ray binaries at present day.
For computing the X-ray luminosity that results from the
X-ray binaries in a galaxy, we need to know the typical
luminosities of LMXBs and HMXBs. In a detailed study
of the Milky Way Grimm et al. (2002) find that the total
luminosity of all X-ray binaries in the 2-10 keV range is
≈ 2− 3× 1039 erg s−1 (LMXB) and ≈ 2− 3× 1038 erg s−1
(HMXB). With the total numbers of the X-ray binaries
given above this corresponds to mean luminosities of
≈ 2.5 × 1037 erg s−1 (LMXB) and ≈ 5.0 × 1036 erg s−1
(HMXB) in the 2-10 keV band. In our study we use the 0.5-8
keV band and thus need to estimate the luminosity in this
band. Wang et al. (2013) find a typical conversion factor of
1.21 between the two bands for X-ray binaries, which we
apply here, too. We thus find for the total luminosity due to
X-ray binaries in the 0.5-8 keV band
LXB(z) = 1.21× 2.5× 1037 erg s−1 NLMXB(z)
+ 1.21× 5.0× 1036 erg s−1 NHMXB(z).(48)
The evolution of LXB according the analytical model is pre-
sented in figure 8, where we also plot the luminosities from
inverse Compton scattering of a starburst for comparison.
5.1.2. Observational Relations of X-Ray Binaries
As HMXBs evolve on very short timescales (see above),
they are a good tracer for the SFR. However, at SFRs compa-
rable to the Milky Way or lower, the X-ray binary population
is dominated by LMXBs, which in return provide a measure
for the total stellar mass in a galaxy. Only in galaxies with
high SFRs the X-ray luminosity from X-ray binaries is domi-
nated by the emission of HMXBs (Persic & Rephaeli 2007).
For the X-ray binary emission, Lehmer et al. (2010) find the
following correlation with the star formation rate
L2−10 keVXB = 10
39.43 erg s−1
(
M˙?
Myr−1
)0.74
. (49)
11
This correlation is valid for the 2− 10 keV range and Kroupa
IMF. Converting into the 0.5 − 8 keV the X-ray luminosity
changes to (Wang et al. 2013)
L0.5−8 keVXB = 1.21× 1039.43 erg s−1
(
M˙?
Myr−1
)0.74
.
(50)
5.2. Supernova Remnants
Besides X-ray binaries, supernova remnants are point
sources of X-ray emission in galaxies. The thermal X-ray
radiation is emitted mostly during the free expansion and
the Sedov-Taylor phase with a typical duration of less then
τSNR = 10
3 yr (Woltjer 1972; Chevalier 1977). The typ-
ical number of X-ray emitting supernova remnants that are
observed in a galaxy is
NSNR = τSNRN˙SN = 12.72
M˙?
Myr−1
, (51)
where we use the supernova rate (8). With a typical X-ray
luminosity of supernova remnants of 1037 erg s−1 the total
X-ray emission of galaxies with star formation rates between
10 and 1500 Myr−1 are roughly 104 − 106 L. Compared
to the expected luminosity of X-ray binaries presented for ex-
ample in figure 8, supernova remnants provide only a minor
contribution to a galaxy’s total X-ray emission.
5.3. Active Galactic Nuclei
If a galaxy hosts an active galactic nucleus (AGN) we ex-
pect additional X-ray emission. Typical X-ray luminosities of
nearby AGNs are around 107 L. We expect however, that
a large fraction of the radiation from the central black hole is
absorbed by dust. We thus use the observed values of the X-
ray luminosity that are not corrected for dust absorption. Ideal
for our analysis would be starburst galaxies at high redshifts
without AGNs, which might be detected in future observa-
tions.
6. APPLICATION TO EXEMPLARY GALAXIES
In this section we apply our model for the inverse Compton
scattering to real galaxies in order to determine properties of
cosmic rays and magnetic fields. Our strategy is illustrated in
figure 9. As observational input we need the redshift z of an
object, the FIR luminosity and the X-ray luminosity. The red-
shift can be determined spectroscopically or with photometry.
For the FIR luminosity of objects at high redshift, from which
we can determine the SFR M˙?, there is a lot of data available
from several surveys and also ALMA will be a powerful tool
in the future, and we can use Chandra data for the X-ray lu-
minosity LX.
From z and M˙? we calculate the expected inverse Compton
X-ray luminosity according to equation (40), which however
includes the normalization of the cosmic ray spectrum Qp,0.
This quantity depends on the fraction of supernova energy
that goes into cosmic rays ξ that is an open parameter of
our model. We get an upper limit of Qp,0 and accordingly
ξ, from which we calculate the cosmic ray energy ECR, by
the equalizing LIC(Qp,0) with the observed X-ray luminosity
of a galaxy LX,obs. In this step we imply that all the X-ray
luminosity results from inverse Compton scattering. With the
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Figure 8. The luminosities of various X-ray sources as a function of redshift
z. The luminosity from X-ray binaries is shown by the dashed blue line,
when using the analytical evolutionary model, and by the dotted green line,
when using the observational correlation. The X-ray luminosity contribution
from supernova remnants are represented by the dashed-dotted gray line. For
comparison we show the inverse Compton scattering luminosity (solid orange
line) for our fiducial cosmic ray spectrum (ξ = 0.1 and χ = 2.2). We use
here the redshift dependent ISRF from table 2 and a starburst galaxy.
additional assumption of energy equipartition between cos-
mic rays and the magnetic field, an assumption which is com-
monly made in present-day galaxies (Beck & Krause 2005),
we obtain an upper limit for the magnetic energy Emag. If
one further estimates the volume of the galaxy, also an upper
limit of the magnetic field strength B is possible.
The single steps from above are described in more detail in
the following.
6.1. Cosmic Ray Energy and the Equipartition Magnetic
Field Strength
6.1.1. Cosmic Ray Energy as Function of the Free Parameter ξ
In section 4 we determine the expected inverse Compton
flux of a galaxy with a given cosmic ray spectrum. We model
the cosmic ray spectrum by assuming that a fraction ξ of the
supernova energy is converted into kinetic energy of electrons
and protons (see equation 13). The energy density of cosmic
rays uCR as a function of the ξ is
uCR(ξ) =
fpi (mpc
2)2 γ2−χp,0 τpi(z)
V (z) (χ− 2) Q
p
p,0(ξ), (52)
with Qpp,0(ξ) given in equation (21). We show uCR(ξ) in fig-
ure 10 for different fixed SFRs and a galaxy volume scaling as
in equation (3). Note, that the redshift dependence of uCR(ξ)
cancels as the timescale of pion production is also propor-
tional to (1 + z)−3. With increasing SFR the cosmic ray en-
ergy increases for a fixed ξ. This is intuitively clear.
6.1.2. Determination of the Cosmic Ray Energy from the Observed
X-Ray Luminosity
From the data we will now directly determine the normal-
ization Qp,0 and thus the free parameter ξ, to which the X-ray
luminosity from inverse Compton scattering (40) is directly
proportional. Solving equation (40) for Qp,0 and using the
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observed luminosity LX,obs as an input yields:
Qp,0(LX,obs) =
fsech
2+χ/2mχ−2e σT(χ− 2)
16ck3+χ/2mχpF (χ)fpipi2r20
uISRF
(1 + z)χ/2−1(∑
i
fi T
3+χ/2
i
)−1
LX,obs
(ν
1−χ/2
1 − ν1−χ/22 )
.
(53)
Note, that (53) depends on the star formation rate only via the
total energy density of the radiation field uISRF ∝
∑
i fi T
4
i
and the sum over fi T
3+χ/2
i . With a value of χ very close to 2,
these two terms cancel and uCR becomes almost independent
of the star formation rate. Also the dependence on redshift is
small as again (1 + z)χ/2−1 is almost constant.
With equation (53) our free parameter, the energy input of
supernovae into cosmic ray acceleration ξ, can be expressed
as
ξ(LX,obs) =
(mpc
2)2 γ2−χp,0
ξESNN˙SN(χ− 2)fpiτpi
Qp,0(LX,obs), (54)
where we used equation (21). Further, the energy density of
cosmic rays as a function of the observed X-ray luminosity
can then be calculated with
uCR(LX,obs) = Qp,0(LX,obs)
γ2−χp,0 (mpc
2)2
χ− 2 fpi
τpi(z)
Vgal(z)
.
(55)
The luminosity is converted into the observed flux by equation
(43). We plot the cosmic ray energy against the flux SIC in fig-
ure 11. The different line colors represent different redshifts,
while the line styles indicate different SFRs. The figure shows
clearly that the SFR dependence vanishes in our model of the
inverse Compton scattering, as the individual lines match al-
most perfectly. Note, however, that the flux itself depends
on the SFR! As shown in figure 6, the flux increases with
M˙?. Actually, equations (43), (40), (21), and (8) indicate that
SIC ∝ Qp,0 ∝ N˙SN ∝ M˙?, connecting the inverse Compton
flux with the number of cosmic rays, which is in our model di-
rectly proportional to the supernova rate and thus to the SFR.
6.1.3. Equipartition Assumption
In present-day galaxies the different energy components of
the ISM, like the kinetic energy of the gas, the cosmic rays
and the magnetic fields, are almost in equilibrium. This is
a result of the dynamical interplay of the individual compo-
nents and known as energy equipartition. It provides a very
important tool for studying the magnetic field strength from
the observed synchrotron radiation, which is emitted by cos-
mic ray electron traveling through the magnetized interstellar
medium (Beck & Krause 2005).
In highly redshifted galaxies magnetic fields were assumed
to be unimportant, because the timescales of a galactic large-
scale dynamo are high and thus no strong magnetic field can
result from this mechanism. However, recent semi-analytical
(Schober et al. 2013) and numerical simulations (Beck et al.
2012; Latif et al. 2013) have shown that a turbulent dynamo
can actually amplify weak magnetic seed fields in galaxies
on Myr timescales by converting turbulent kinetic energy into
magnetic energy. The turbulent dynamo can amplify fields up
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Figure 11. The energy density of cosmic rays (electrons + protons) uCR as
a function of the observed flux from inverse Compton scattering SIC. The
red lines show the results at a redshift of z = 0.5, the green lines at z = 1
and the yellow lines at z = 2. The different line styles refer to different
star formation rates M˙?. We use here the starburst model with different line
styles corresponding to different star formation rates of 10M yr−1 (dashed
lines), 100 M yr−1 (solid lines) and 1000 M yr−1 (dotted lines). Note
that there is no difference between the models with different SFR. On the
right hand side y axes we show the corresponding equipartition magnetic
field strength B.
to a certain fraction of the turbulent kinetic energy even on
galactic length scales (see, e.g., Federrath et al. (2011)). With
this strong unordered magnetic fields we can again use the
assumption of energy equipartition:
uCR = uB. (56)
With the magnetic energy density, uB = B2/(8pi), the mag-
netic field strength can be calculated as
B = (8piuCR)
1/2
. (57)
Putting the equations together, one can show that the resulting
magnetic field B scales with Q1/2p,0 and also depends on the
slope of the cosmic ray spectrum χ. The equipartition field
strengths are given on the right side of figures 10 and 11.
6.2. Test Case M82
As a test case for our model we choose the local starburst
galaxy M82, for which various observations of cosmic rays
and magnetic fields are available. The basic properties of the
starburst core of M82, like the spacial extension, the density,
and the SFR, are provided in table 1.
Observations show, that the total (unabsorbed) X-ray lumi-
nosity from M82 is 1.6 × 1041 erg s−1 in the 0.3-10 keV
range and 3×1040 erg s−1 in the hard 2-10 keV range (Moran
& Lehnert 1997). Assuming that all the luminosity results
from inverse Compton scattering with our model we get for
the fraction of energy in cosmic rays ξ = 1.41 in the 0.3-10
keV range and ξ = 0.60 in the hard X-ray regime. This yields
uCR = 8.51 × 10−9 erg cm−3 and B = 4.62 × 10−4 G and
uCR = 3.84 × 10−9 erg cm−3 and B = 3.11 × 10−4 G in
total and the hard X-ray regime.
From the calculated value of the fraction of supernova energy
that goes into cosmic rays ξ, one already sees that we are over-
estimating the inverse Compton luminosity and thus the cos-
mic ray energy. A natural upper limit of ξ is 1, when the entire
ALESS ID z M˙? LX,obs
[M yr−1] [erg s−1]
011.1 2.68 789 3.16× 1043
017.1 2.04 161 2.51× 1042
045.1 2.34 350 1.58× 1042
057.1 2.94 439 5.01× 1043
066.1 1.31 322 3.16× 1044
067.1 2.12 528 2.51× 1042
070.1 2.33 789 1.58× 1043
073.1 4.76 556 5.01× 1043
084.1 2.26 267 1.00× 1043
114.2 1.61 261 6.31× 1042
Table 3
The properties of the ALESS sub-mm objects with X-ray counterparts in the
E-CDF-S, which were discovered by Wang et al. (2013). We list here the
ALESS ID, the redshift z, the star formation rate M˙? in M yr−1
(converted into Kroupa IMF) and the non-corrected X-ray luminosity
LX,obs in erg s−1. For more details see section 6.3.
supernova energy goes into cosmic ray acceleration. Reason-
able values of ξ, however, lie between 0.05 and 0.2. Assuming
ξ = 0.1, which is our fiducial value, we see that the magnetic
energy is overestimated with our model by a factor of 14 or 6,
respectively. Consequently the magnetic field strength, which
depends on the square root of the magnetic energy, is overesti-
mated by a factor of 3.7 and 2.4, respectively. Thus, there are
other important components contributing to the total X-ray lu-
minosity of M82, like X-ray binaries. Without modeling these
contributions in detail, we can only get upper limits for the
cosmic ray density and equilibrium magnetic field strength.
Detailed models of starburst core of M82 yield in compari-
son with gamma ray observations a magnetic field strength of
2.50×10−4 G (Yoast-Hull et al. 2013). Other authors find dif-
ferent values for the field strength ranging from 2.0× 10−4−
1.0×10−3 G (Paglione & Abrahams 2012) to 1.2−2.9×10−4
G (de Cea del Pozo et al. 2009), while the typical number den-
sities in the models also deviate from each other. Thus, the or-
der of magnitude of the magnetic field is similar to our results
and we are overestimating the magnetic field strength only by
a factor below 2. This leads to the conclusion that inverse
Compton scattering is one of the dominant X-ray sources in
the starburst region of M82.
6.3. Available Observational Data at High Redshifts
The combination of X-ray data of the Chandra deep fields
with the sub-millimeter data from ALMA, provides new in-
sides in the properties of distant galaxies. Our analyses is
based on the processed data given in Wang et al. (2013), who
have identified 10 sub-mm counter sources with objects in the
Chandra Deep Field - South (CDF-S).
Wang et al. (2013) use the X-ray data from the 4 Ms CDF-
S (Lehmer et al. 2005) and the 250 ks E-CDF-S survey
(Xue et al. 2011). The E-CDF-S has been observed by an
ALMA Cycle 0 survey at 870 µm, which is called the ALMA
LABOCA E-CDF-S Submm Survey (ALESS) (Hodge et al.
2013; Karim et al. 2013). The whole ALESS survey de-
tected 99 sub-mm galaxies (SMGs), 10 of which Wang et al.
(2013) could identify with X-ray counterparts. These SMGs
are listed in table 3, where besides their X-ray luminosities
LX,obs, the corresponding redshifts z and SFRs M˙? are pro-
vided. Note, that Wang et al. (2013) used a Salpeter IMF to
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ALESS ID 045.1 ALESS ID 067.1
χ = 2.1 χ = 2.2 χ = 2.3 χ = 2.1 χ = 2.2 χ = 2.3
ξ 0.893 0.501 0.371 0.944 0.532 0.395
UCR [erg] 7.12× 1054 3.99× 1054 2.96× 1054 1.39× 1055 7.84× 1054 5.82× 1054
Vgal = 0.1 VM82
uCR [erg cm−3] 4.28× 10−8 2.40× 10−8 1.78× 10−8 8.37× 10−8 4.72× 10−8 3.50× 10−8
B [G] 1.04× 10−3 7.77× 10−4 6.69× 10−4 1.45× 10−3 1.09× 10−3 9.38× 10−4
Vgal = VM82
uCR [erg cm−3] 4.28× 10−9 2.40× 10−9 1.78× 10−9 8.37× 10−9 4.72× 10−9 3.50× 10−9
B [G] 3.28× 10−4 2.46× 10−4 2.11× 10−4 4.59× 10−4 3.44× 10−4 2.97× 10−4
Vgal = 10 VM82
uCR [erg cm−3] 4.28× 10−10 2.40× 10−10 1.78× 10−10 8.37× 10−10 4.72× 10−10 3.50× 10−10
B [G] 1.04× 10−4 7.77× 10−5 6.69× 10−5 1.45× 10−4 1.09× 10−4 9.38× 10−5
Table 4
Upper limits on the cosmic ray energy, the cosmic ray density and the magnetic field strength for two objects of the data catalog of Wang et al. (2013) ALESS
ID 045.1 and ALESS ID 067.1, which have not been identified as hosting an AGN. We present results for the assumption that all X-ray luminosity is produced
in inverse Compton scattering. As there are other processes emitting X-rays, this assumption results only in upper limits, which reflects in the high values of the
fraction of supernova energy that is transformed into kinetic energy of cosmic rays ξ (theoretically expected: ξ ≈ 0.1, see text). We show the resulting value of
ξ obtained with this assumption in the first line. In the second line we present the total cosmic ray energy. For determining the cosmic ray densities uCR and the
equipartition field strengths B we use three different volumes of the starburst region: the volume of the starburst region in M82 VM82 and volumes ten times
smaller and larger then VM82.
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Figure 12. The 0.5-8 keV X-ray luminosity as a function of star formation
rate M˙?. We compare the inverse Compton luminosity LIC with the lumi-
nosity of X-ray binaries LXB and the one of supernova remnants. Also plot-
ted are the X-ray luminosities (with an 30% error as discussed in Xue et al.
(2011)) of the Chandra deep field galaxies from Wang et al. (2013). Different
line styles represent different redshifts in the model from z = 1 (solid lines)
to z = 2 (dashed lines) to z = 5 (dotted lines).
determine the SFRs. We converted their values to a Kroupa
IMF by dividing by a factor of 1.8. Further, we use here
the luminosity values, which are not corrected for dust at-
tenuation, as we assume that the latter is most efficient for
the X-ray emission from the central black hole. Most of the
redshifts z are observed spectroscopically within the zLESS
survey (Danielson et al. 2013, in preparation) or taken from
literature, expect for ALESS 45.1, which is observed photo-
metrically (Simpson et al. 2013). The SFRs listed in table 3
are derived by Wang et al. (2013) from the correlation with
the infrared luminosity by Kennicutt (1998) (see equation 7).
The observed X-ray luminosities from Wang et al. (2013) are
shown as a function of SFR in figure 12. All the sources from
the catalog have extremely high SFRs from 161 Myr−1 up
to 789 Myr−1. In the figure we show also the expected
luminosity of X-ray binaries from the analytical model of
Ghosh & White (2001) and the observational correlation from
Lehmer et al. (2010) LXB, as well as the luminosity from su-
pernova remnants LSNR and the inverse Compton luminosity
LIC. Most of the observed galaxies have very high luminosi-
ties, even above the X-ray binary predictions. Due to this fact
and also as a result of additional tests most of the galaxies
have clearly been classified as AGN hosts, except for ALESS
045.1 and ALESS 067.1. The X-ray luminosity of these two
galaxies could be explained by X-ray binary emission. Al-
ternatively a huge contribution of the luminosity could come
from the inverse Compton scattering.
In the following we use ALESS 045.1 and ALESS 067.1 as
examples, for which we will derive upper limits for the cosmic
ray density from the inverse Compton effect. We make the
assumption that the entire X-ray luminosity observed comes
from inverse Compton scattering. With our model we then re-
sult in a value for the free parameter ξ, which is given in the
first line of table 4 for the two galaxies and different slopes of
the cosmic ray spectrum χ. Note, that all the calculated val-
ues of ξ are larger than our fiducial value ξ = 0.1. This indi-
cates that we are overestimating the contribution of the inverse
Compton luminosity in all cases by factors up to 9. Conse-
quently the magnetic field strength will be overestimated by a
factor of roughly 3. The cosmic ray energies given in the sec-
ond line of 4 can thus be only treated as upper limits. In the
following lines of the table we present the cosmic ray densi-
ties and the equipartition magnetic field strengths for different
fixed galaxy radii. As the galaxies are not spatially resolved in
the observations, we do not have any information about their
15
radius. With radii comparable to the one of M82 plus radii
ten times smaller and larger then that (see numbers listed in
table 1), we get hints to the energy density in the galaxies.
For ALESS 045.1, which has a SFR of 350 Myr−1, we find
values between 7.77×10−4 G and 7.77×10−5 G for our fidu-
cial cosmic ray spectrum with χ = 2.2. For ALESS 067.1 the
upper limits for the magnetic field strength is slightly higher
with B ≈ 1.09× 10−4 G to B ≈ 1.09× 10−5 G.
6.4. Uncertainties in the Model and Possible Extensions
Our model for the determination of cosmic ray densities and
magnetic fields in galaxies includes many assumptions. We
will discuss the individual problems in the following starting
with effects that lead to an overestimation of the final results.
A caveat in our calculation remains the influence of addi-
tional X-ray sources, such as X-ray binaries and AGNs. The
contribution of these can potentially be investigated in more
detail with observations in additional energy ranges. Fur-
thermore detailed models, especially of the luminosity from
the accretion on the central supermassive black hole are re-
quired. Galaxies without AGNs would be easier to handle in
the framework of our model and result in better estimates of
the cosmic ray properties. It is, however, very hard to find
such objects at high redshifts, as their total luminosity is very
low. Hopefully, future observatories like Athena+ will detect
more starburst galaxies without AGNs at far distances.
For the energy loss of cosmic ray electrons to be dominated
by inverse Compton scattering one needs to find galaxies at
high redshift and with large star formation rates (see figure
3 and the discussion in section 3). If inverse Compton scat-
tering is not the most important loss channel, but similar or
below synchrotron emission or bremsstrahlung, the model of
the steady state spectrum needs to be modified. A detailed
analysis of the different energy loss mechanisms will be an
interesting future test.
7. CONCLUSIONS
In this work we construct a model for the X-ray emission
of star-forming galaxies via inverse Compton scattering as a
function of redshift. We model the star formation rate (SFR)
history, the evolution of the interstellar radiation field (ISRF)
and the cosmic ray spectrum. The inverse Compton scatter-
ing process between high energy cosmic ray electrons and the
ISRF is quantified and analyzed in terms of different proper-
ties of the galaxy. We focus on two galaxy models: a galaxy
with normal star formation rate, similar to the Milky Way, and
a starburst galaxy similar to M82. With a detailed description
of the ISRF and the steady state cosmic ray spectrum we are
able to calculate the expected inverse Compton luminosity.
In order to estimate the significance of the inverse Comp-
ton scattering compared to other galactic X-ray sources, we
investigate the role of X-ray binaries, which are one of the
main X-ray sources in nearby galaxies. We summarize an
analytical model for the number of high-mass X-ray binaries
(HMXB) and low-mass X-ray binaries (LMXB) by Ghosh &
White (2001). For comparison we also discuss an observa-
tional correlation for X-ray binary luminosity by Lehmer et al.
(2010). Furthermore, we estimate the influence of supernova
remnants on the total galactic X-ray luminosity.
In the last part of the paper (section 6) we apply our model
to real observations. As observational input we use M82 as a
test case and two higher redshifted galaxies of the data set of
Wang et al. (2013), which have not been identified as hosts of
active galactic nuclei (AGNs). We compare the observed X-
ray luminosity with the one resulting from our inverse Comp-
ton model. This way we can fix the free parameter in our
model, namely the normalization of the cosmic ray spectrum.
In the next step we calculate the total energy of cosmic rays
and assume that it is in equipartition with the magnetic en-
ergy.
The main findings of this work are:
• The spectral energy distribution uISRF,ν of a normal
galaxy is dominated by the cosmic microwave back-
ground (CMB), while the one of a starburst galaxy is
dominated by the cold infrared (IR) component at least
at moderate redshifts (see figure 2). The strong IR com-
ponent makes inverse Compton scattering in starburst
galaxies more efficient (see also figures 4 and 5).
• Our analysis of the energy loss timescales of cosmic
ray electrons (see figure 3) has shown, that the in-
verse Compton scattering is not dominant in galax-
ies with normal star formation. At low redshifts z
bremsstrahlung and synchrotron emission are most im-
portant. With increasing redshift the inverse Compton
timescale decreases, but even at z = 5, bremsstrahlung
is still dominating. On the other hand in starburst galax-
ies energy losses proceed mostly via inverse Compton
scattering. These galaxies are thus in the focus of this
work.
• The X-ray flux from pure inverse Compton scattering
can be detected with Chandra up to z ≈ 1 for starburst
galaxies with M˙? & 200 Myr−1. With the future X-
ray observatory Athena+ detections up to z & 2 will be
possible (see figure 6).
• Comparison of the expected inverse Compton luminos-
ity with other X-ray sources shows that supernova rem-
nants are negligible. X-ray binaries play a more impor-
tant role. In our model their luminosity is a factor of 2
brighter than the inverse Compton luminosity at present
day. At redshifts above roughly 2 inverse Compton lu-
minosity becomes comparable or even dominant over
the X-ray binaries (see figure 8).
• With our model the energy density of cosmic rays can
be determined directly from the observed X-ray flux
under the assumption that the flux only origins from
inverse Compton scattering. The results for different
redshifts are plotted in figure 11.
• We apply our model to the two galaxies from the data
set of Wang et al. (2013) that have not been clearly iden-
tified as hosting an AGN. Our results for the fraction of
energy going from supernovae into cosmic ray acceler-
ation is higher then the theoretically expected value of
10 percent. This suggests that we are overestimating
the inverse Compton luminosity and thus the energy of
cosmic rays by a factor of up to 9 (see discussion in sec-
tion 6.2). Our results for the cosmic ray density and the
equipartition field strengths are thus only upper limits.
Depending on the galactic volume we find values for
the magnetic field strength of roughly 10−4 − 10−3 G
for the exemplary galaxies (see table 4).
There are several uncertainties in our model including the
modeling of the cosmic ray spectrum, the additional X-ray
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sources and the evolution and total size of the galaxy volume.
Most of the galaxies observed at high redshift include AGNs.
We try not to include the X-ray emission of these by using the
uncorrected X-ray luminosities given in Wang et al. (2013).
However, we still substantially overestimate the X-ray lumi-
nosity from inverse Compton scattering. It thus is essential to
model the X-ray emission of galaxies in more detail in future.
We expect that also the available data of high redshifted galax-
ies will increase in the next years. For our studies especially
observations of distant starburst galaxies without active galac-
tic nuclei would be important. With X-ray data from the
Chandra deep fields the next step would be to identify in-
frared counterparts of X-ray galaxies, in order to determine
their SFR. This is possible with the ALMA telescope. Fur-
ther the next generation of X-ray telescopes is planned and
we hopefully will receive a lot of data with Athena+.
With these new technologies our knowledge of the origin and
evolution of galactic magnetic field hopefully will increase.
This will help us to understand moreover the evolution of
galaxies in total, as magnetic fields play a crucial role in many
physical processes in the interstellar medium and the dynam-
ics of the whole galaxy.
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